Introduction
============

We have recently described a novel protein, Cypher, which is a member of a newly emerging group of cytoskeletal proteins containing one NH~2~-terminal PDZ domain, and one or three COOH-terminal LIM domains. Within this family, Enigma, ENH, and Cypher/ZASP contain three COOH-terminal LIM domains; and Ril, CLP 36/HCLIM1, and actinin-associated LIM protein (ALP)[\*](#fn1){ref-type="fn"} contain one ([@bib25]; [@bib15]; [@bib24]; [@bib16]; [@bib26]; [@bib12]; [@bib28]). All six members have been shown to associate with the cytoskeleton, five of them via interactions with α-actinin and/or β-tropomyosin. The functional role of any of these proteins is largely unknown.

We have identified two distinct splice variants of Cypher, designated Cypher1 and Cypher2. Both isoforms are expressed exclusively in striated muscle at significant levels from embryonic development into adulthood, and are localized to the Z-line ([@bib28]). The Cypher1 isoform contains a PDZ domain at its NH~2~ terminus, three LIM domains at its COOH terminus, and nine 'YS/TPS/TP' amino acid repeats. Of these domains, Cypher2 shares only the PDZ domain. Consistent with their localization at the Z-line, both Cypher isoforms can bind to α-actinin 2 through their PDZ domain ([@bib28]). α-Actinin 2, a striated muscle-specific α-actinin that contains an NH~2~-terminal actin-binding domain, four central spectrin-like repeats, and four COOH-terminal regions homologous to calcium-binding EF hands, is a major component of the Z-line of striated muscle ([@bib3]; [@bib27]; [@bib8]).

The role that Cypher might play in Z-line formation or function is unknown. The Z-line, alternatively termed the Z-band or Z-disc, is an electron-dense structure which is the interface from sarcomere to sarcomere and from myofibril to myofibril. The Z-band also represents the convergence of a number of protein complexes important for sarcomeric--cytoskeletal extracellular matrix interactions ([@bib13]; [@bib17]). Despite the knowledge we have about the existence of these complexes, mechanisms of complex formation and their specific requirement for muscle function remain largely unknown.

This manuscript describes in vivo and in vitro studies we have recently performed which give insight into the biological functions of Cypher. Analysis of striated muscles from Cypher mutant mice suggested that Cypher is not required for sarcomerogenesis or Z-line formation, but rather is essential to support Z-line structure and muscle function during contraction. In concert with our in vitro data demonstrating that Cypher interacts with α-actinin and at least one other Z-line component, our data suggest a model in which Cypher serves as an essential linker-strut to reinforce protein interactions at the Z-line.

Results
=======

Ablation of Cypher (both Cypher1 and Cypher2) in mouse results in perinatal lethality
-------------------------------------------------------------------------------------

To understand the in vivo function of Cypher in striated muscle and to exploit *cypher* as a potentially useful lineage marker, we used homologous recombination to knock-in a β-galactosidase cDNA downstream of the endogenous *cypher* promoter, meanwhile disrupting the *cypher* gene which encodes both Cypher1 and Cypher2 ([Fig. 1](#fig1){ref-type="fig"}). Assays for β-galactosidase activity are very sensitive and give resolution at the single cell level, thus permitting us to look in greater detail at expression of *cypher* during embryogenesis ([@bib7]). As shown in [Fig. 2](#fig2){ref-type="fig"}, *cypher* is expressed exclusively in heart at embryonic day (E) 8.5, but at E 9.5 it was detected in somites in a rostral to caudal gradient, with highest expression rostrally. The somite expression pattern progresses caudally through E 11.5, corresponding to somite maturation. At this stage, cypher expression was also detected in cells migrating from the myotome. At E 13.5, *cypher* expression was detected throughout the embryonic musculature. The X-gal staining pattern observed here matches well with our previous RNA in situ hybridization results, with the exception that the X-gal staining was observed earlier in the somites, in keeping with its greater sensitivity ([@bib28]).

![**Targeting the *cypher* gene.** (A) Targeting strategy. A restriction map of the relevant genomic region of *cypher* is shown on top, the targeting construct is shown in the center, and the mutated locus after recombination is shown at the bottom. ATG is the translational start site. The *arrow* indicates the orientation of β-galactosidase cDNA and neomycin resistance gene. B, BamHI; C, ClaI; E, EcoRI; H, HindIII; P, PstI; S, SstI; Sa, SalI; X, XbaI. β-Galactosidase cDNA; and neo, neomycin resistance gene. (B) Detection of wild-type and targeted alleles by Southern blot analysis. DNAs from electroporated ES cells were digested with BamHI and analyzed by Southern blot analysis with probe as shown in A. The 5- and 3-kb bands represent wild-type and targeted allele, respectively. (C) Detection of Cypher protein by Western blot analysis. Proteins prepared from neonatal day 1 skeletal muscle of wild-type (+/+) and *cypher* knockout mice (−/−) were analyzed with anti-Cypher (top) and antitropomyosin C monoclonal antibodies (bottom).](0107092f1){#fig1}

![**X-gal staining of *cypher* LacZ/knock-in heterozygous embryos at different development stages.** Embryos from embryonic day (E) 8.5, 9.5, 11.5, and 13.5 were stained with X-gal for ∼8 h at 30°C. X-gal staining of heart (H) was detected from E 8.5. Somite (S) staining was not detectable at E 8.5, but was detected at E 9.5 in a decreasing rostral to caudal gradient. The somite expression pattern progresses caudally through E 11.5, corresponding to somite maturation. At this stage, cypher expression was also detected in cells migrating from the myotome (M). At E 13.5, *cypher* expression was detected throughout the embryonic musculature. Bar, 1 mm.](0107092f2){#fig2}

No viable *cypher* ^−/−^ mutants were obtained in litters from *cypher* ^+/−^ intercrosses at weaning, indicating that the *cypher* null mutation was embryonic or perinatal lethal. Analysis of 99 newborn mice from 10 independent heterozygous crosses indicated that 29 were homozygous knock-out for *cypher*, approximating the expected frequency of 25%. These data indicated that ablation of *cypher* was perinatal lethal. To verify that homozygous knockout mice were null mutants, we performed Western blot analyses for Cypher protein. As shown in [Fig. 1](#fig1){ref-type="fig"} C, no Cypher protein was detected in homozygous mutant mice.

Cypher**^−/−^** mutants die from functional failure in multiple striated muscle types
-------------------------------------------------------------------------------------

The majority of *cypher* ^−/−^ mice died within 24 h of birth. Some null mutants died immediately after birth, while others survived from 2 to 5 d postnatally. None of the *cypher* null mutants survived beyond day five. All mutants were cyanotic, some with a gasping respiratory pattern. The mutants also displayed limb weakness, exhibiting a limited range of motion. No obvious body weight differences were found at birth between mutant and wild-type or heterozygous mice. Subsequently, little or no milk was detected in the stomach of homozygous null mutants, presumably a reflection of their inability to suckle. Consistent with this observation, null mutants had no significant postnatal gain in body weight and exhibited minimal subcutaneous fat.

Sections of skeletal muscle and heart from postnatal day 1 *cypher* ^−/−^ mutants and wild-type littermate controls were prepared and examined by light microscopy. At this level of resolution, no significant differences were observed in skeletal muscle from the two groups (unpublished data). However, examination of hearts from homozygous mutant animals revealed blood congestion and dilation of both right and left ventricles ([Fig. 3](#fig3){ref-type="fig"}).

![**Histological analyses of skeletal and cardiac muscles from** *cypher* ^**−/−**^ **and their wild-type littermate controls.** Sagittal sections of postnatal day 1 wild-type (+/+) and *cypher* knockout mice (−/−) were stained with hematoxylin and eosin. Note the ventricular dilation in the knockout mice. RV, right ventricle; LV, left ventricle. Bar, 1 mm.](0107092f3){#fig3}

To determine whether ablation of Cypher had affected other cytoskeletal proteins, we performed immunostaining analyses of neonatal skeletal muscle for a number of proteins representing diverse components of the cytoskeleton including α-actinin 2 and desmin; sarcomeric proteins myosin heavy chain and tropomyosin; and the extrasarcomeric protein vinculin. No significant differences were found between homozygous mutant and wild-type control mice (unpublished data).

*Cypher* **^−/−^** skeletal and cardiac muscle display disorganized and fragmented Z-lines
------------------------------------------------------------------------------------------

Ultrastructural transmission electron microscopy (TEM) analysis was performed on comparable areas of skeletal muscle from day 1 wild-type and mutant mice. Intercostal, thigh, and diaphragm muscles were examined. Of these, the most severely affected was diaphragm muscle. A comparison of diaphragm muscle from day 1 wild-type and mutant mice revealed severely disorganized and disrupted Z-lines in the mutant muscle, with relatively normal M-lines ([Fig. 4, C and D](#fig4){ref-type="fig"}).

![**Ultrastructural analysis of diaphragm muscle and heart architecture as assessed by TEM.** Representative images from diaphragm muscle of E 17.5 and day 1 neonatal (N1) wild-type (+/+) and *cypher* knockout (−/−) mice (A--D). A comparison of diaphragm muscle from wild-type and knockout mice at E 17.5, when diaphragm muscle is inactive, shows well-preserved Z-line and M line structure (A and B). In contrast, Z-lines in diaphragm muscle from knockout mice at postnatal day 1 are severely disorganized and disrupted; M-lines, however, are relatively normal (C and D). Representative images from cardiac muscle of E 17.5 and day 1 neonatal wild-type and cypher knockout mice (E--H). In embryonic cardiac muscle, Z lines are evident, but distinct, well-formed M lines are not yet present ([@bib1]). In Cypher knockout mice, E 17.5 cardiac muscle, which has been functional since E 8, exhibits fragmented and disorganized Z-lines (E and F). In postnatal day 1 cardiac muscle of wild-type mice, both Z-lines and M-lines are well formed and distinctly visible. In contrast, only remnants of the Z-line and no M-lines are visible in cardiac muscle from mutant mice (G and H). Bar, 1.5 μm.](0107092f4){#fig4}

To determine whether abnormal Z-line structure resulted from defects in the initial assembly of protein complexes at the Z-line, and/or an inability to maintain Z-line integrity during muscle function, ultrastructural TEM analysis was performed on comparable areas from diaphragm muscle of mutant and wild-type mice at E 17.5. Diaphragm muscle does not contract until birth. If Cypher is required for formation of protein complexes at the Z-line and/or sarcomerogenesis, rather than to sustain Z-line structure during contraction, we would expect to observe abnormal Z-line structure and/or abnormal sarcomeric structure in noncontracting embryonic diaphragm muscle. At E 17.5, diaphragm muscle from wild-type and mutant mice was virtually indistinguishable, with intact and well-organized Z-lines and M-lines ([Fig. 4, A and B](#fig4){ref-type="fig"}). However, at postnatal day 1, after active contraction of the diaphragm, there was a striking difference between wild-type and mutant muscle ([Fig. 4, C and D](#fig4){ref-type="fig"}).

We also performed ultrastructural analysis of cardiac muscle from E 17.5 and postnatal day 1 wild-type and mutant mice ([Fig. 4](#fig4){ref-type="fig"}, E--H). In contrast to diaphragm muscle, cardiac muscle begins to contract at E 8. Therefore, E 17.5 muscle has been actively contracting for some time. An examination of cardiac muscle from E 17.5 revealed that cypher knockout tissue exhibited fragmented and disorganized Z-lines ([Fig. 4, E and F](#fig4){ref-type="fig"}). At this stage, M-lines are not fully developed in cardiac muscle ([@bib1]). Examination of cardiac muscle from postnatal day 1 mice revealed complete absence of Z- or M-lines in muscle from mutant mice ([Fig. 4, G and H](#fig4){ref-type="fig"}). In knockout mice, M-line perturbation in postnatal day 1 cardiac muscle is likely to be secondary to prolonged muscle malfunction after Z-line perturbation, as postnatal day 1 diaphragm muscle which has recently begun to contract and display abnormal Z-lines has relatively normal M-lines.

These results obtained in Cypher knockout mice demonstrate that Cypher is essential to striated muscle function, and suggest that it is required for the maintenance of Z-line structure during contraction, rather than initial formation of the Z-line. To gain further insight into the biochemical functions and mechanisms by which Cypher achieves this role, we performed a number of in vitro studies to further address Cypher function.

Distinct non-PDZ domains of Cypher1 or Cypher2 independently localize to the Z-line
-----------------------------------------------------------------------------------

The phenotype of *cypher* null mutant mice suggested that Cypher is essential for maintaining Z-line structure. One potential mechanism by which Cypher could be performing this function is to act as a linker between α-actinin and other Z-line components, thus reinforcing Z-line structure. Our previous data have shown that the non-PDZ domains of cypher do not interact with α-actinin. Do they, however, interact with other Z-line components? To investigate this possibility, we determined the localization of each non-PDZ domain in cultured neonatal rat cardiomyocytes. A cDNA encoding green fluorescent protein (GFP) was fused to full-length Cypher1, Cypher2, and each distinct domain within these Cypher proteins. A GFP fusion construct was also made for a mutant PDZ domain which no longer binds to α-actinin 2 (L78K; see [Fig. 6](#fig6){ref-type="fig"}). Resulting constructs were then transfected into rat neonatal cardiomyocytes. 2 d after transfection, cells were immunostained with anti--α-actinin 2 antibody. Antibody staining and GFP expression were visualized by fluorescence microscopy ([Fig. 5](#fig5){ref-type="fig"}).

![**Interaction assays of wild-type and mutant GST-PDZ fragments and radiolabeled α-actinin 2.** Autoradiogram \[^35^S\]methionine-labeled full-length α-actinin 2 after incubation and precipitation with the following GST-PDZ fragments: lane 1, GST--wild-type PDZ; lane 2, GST--G14A/W15A PDZ; lane 3, GST--H62A PDZ; lane 4, GST-- L76K PDZ; lane 5, GST--L78K PDZ; lane 6, GST--L80K PDZ; lane 7, GST control. All incubations included equal amounts of input α-actinin 2. Mutation of G14A/W15A or L76K within the PDZ domain abolished binding to α-actinin 2. Exposure time for the autoradiogram was 5 h at room temperature.](0107092f6){#fig6}

###### 

**Fluorescence microscopy of neonatal rat cardiomyocytes transfected with GFP fusions of distinct Cypher domains.** Transfected rat neonatal cardiomyocytes were stained after 2 d in culture: lane 1, GFP fusion proteins (green); lane 2, rhodamine staining for α-actinin 2 (red); lane 3, superimposition of the two images (orange). (A**)** GFP alone; (B) Cypher1; (C) Cypher2; (D) PDZ domain (aa 1--84 of Cypher); (E) YS/TPS/TP repeat-containing region (aa 85--546 of Cypher1); (F). LIM domains (aa 547--723 of Cypher1); (G) PDZ-less Cypher2 (aa 85--288 of Cypher2); and (H) L78K mutant PDZ domain. Each distinct domain of Cypher1 and Cypher2, including the PDZ domain, independently localized to the Z-line (B--G). Disruption of α-actinin 2 binding by mutation of L78K within the Cypher PDZ domain prevented exclusive localization to the Z-line (H). Bar, 10 μm.
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Results of these studies demonstrated that control GFP was localized diffusely throughout the cell. In contrast, each distinct non-PDZ domain of Cypher1 or Cypher2 colocalized with α-actinin 2 at the Z-line ([Fig. 5](#fig5){ref-type="fig"}, B--G). The mutant PDZ (L78K)--GFP fusion did not localize to the Z-line, but rather was distributed diffusely throughout the cell ([Fig. 5](#fig5){ref-type="fig"} H).

Mutations in the PDZ domain disrupt interaction with α-actinin 2
----------------------------------------------------------------

We have shown previously that both Cypher1 and Cypher 2 bind to α-actinin 2 through their PDZ domains. To determine which amino acids within the PDZ domain are essential for interaction with α-actinin 2, we introduced mutations within the PDZ domain via PCR-based mutagenesis. Mutant PDZ domains, and a control wild-type PDZ domain were fused to GST, and pull-down assays were performed to evaluate the interaction between mutant PDZ domains and α-actinin 2.

The mutant amino acids were chosen according to the crystal structure of the PDZ-3 domain of PSD-95 ([@bib9]) and studies of the ALP PDZ domain ([@bib26]). Interactions between PDZ3 of PSD-95 and target peptide side chains suggest that the amide nitrogens within a GLGF motif of PDZ3 play an important role in forming hydrogen bonds with the COOH terminus of the target peptide. Alignment of the Cypher PDZ and PDZ3 of PSD-95 reveal a PWGF (amino acids \[aa\] 11--14) sequence within the Cypher PDZ at the position corresponding to GLGF within PDZ3. As shown in [Fig. 6](#fig6){ref-type="fig"}, mutation of the PWGF motif (G14A/F15A) within Cypher PDZ domain disrupted binding to α-actinin 2. We have also performed GFP fusion cell localization studies with this mutant, and confirmed that it no longer localizes to the Z-line, but rather is distributed diffusely, as seen with mutant L78K (unpublished data).

The crystal structure also indicates that a histidine residue within the αB region of PDZ3 of PSD-95 is critical for the formation of a hydrogen bond with the target peptide ([@bib23]). Mutation of the analogous histidine within the Cypher PDZ domain (H62A) had no significant effect on interaction between the Cypher PDZ and α-actinin 2 ([Fig. 6](#fig6){ref-type="fig"}).

It has been shown that mutation of L78 to K78 in the ALP PDZ domain abolishes the interaction of ALP with α-actinin 2 ([@bib26]). There are three L residues in the corresponding region of the Cypher PDZ domain: L76, 78, and 80. We mutated each of the three L residues to K individually and tested the interaction of each mutant Cypher with α-actinin 2. Mutation of either L76 or L80 to K significantly reduced binding of the Cypher PDZ domain to α-actinin 2, and mutation of L78 to K completely abolished the binding ([Fig. 6](#fig6){ref-type="fig"}). This in vitro biochemical result was confirmed by transfection studies in rat neonatal cardiomyocytes, in which a GFP--L78K fusion peptide no longer colocalized with α-actinin ([Fig. 5](#fig5){ref-type="fig"}).

The COOH-terminal three amino acids of α-actinin 2 are essential for interaction between the Cypher PDZ domain and the COOH terminus of α-actinin 2
---------------------------------------------------------------------------------------------------------------------------------------------------

To define sites within α-actinin 2 which bind to the PDZ domain, we made a series of α-actinin 2 deletion constructs which were translated in vitro in the presence of \[S^35^\]-methionine and subsequently assayed for binding to GST--PDZ fusion proteins. Results of these assays demonstrated that the COOH terminus of α-actinin 2, containing four degenerate EF hands (aa 756--894), bound strongly to the Cypher PDZ domain ([Fig. 7](#fig7){ref-type="fig"} B).

![**Interaction of the PDZ domain of Cypher requires the COOH terminus of α-actinin.** (A) Schematic diagram of α-actinin 2. The actin binding domain (ABD, aa 1--273), spectrin-like repeats (SLR, aa 274--755), and EF hands (aa 755--894) are indicated. B. Autoradiogram of ^35^S methionine-labeled proteins after coprecipitated with GST-PDZ glutathione resin (see Materials and Methods). Lane 1, full-length α-actinin 2; lane 2, Spectrin repeats; lane 3, ABD domain; lane 4, the four EF hands. Exposure time for the autoradiogram was 4 h at room temperature. The bottom panel shows the input of each in vitro translated protein. Exposure time for the autoradiogram was 20 min at room temperature. Strongest binding to the PDZ domain was observed with the COOH-terminal four EF hands of α-actinin 2 (lane 4). C. Autoradiogram of ^35^S methionine-labeled α-actinin 2 COOH-terminal fragments after coincubation and precipitation with GST-PDZ fusion proteins. Lane 1, ^35^S- labeled four EF hands (4EF, aa 756 to 894); lane 2, four EF hands deleted for the three COOH-terminal amino acids (4EF-del3, aa 756 to 891); lane 3, first two EF hands (EF1-2, aa 756--821); lane 4, last two EF hands (EF3-4, aa 822--893). Exposure time for the autoradiogram was 3 h at room temperature. The bottom panel shows 20% input of in vitro--translated protein. Exposure time for the autoradiogram was 30 min at room temperature. Deletion of the last two EF hands, including the three terminal amino acids, or deletion of the three terminal amino acids alone, abolished binding to the PDZ domain (lanes 2 and 3). (D) Autoradiogram of \[^35^S\]methionine-labeled proteins after coprecipitation with GST-PDZ glutathione resin. Lane 1, full-length α-actinin 2; lane 2, α-actinin 2 deleted for the three COOH-terminal amino acids (actinin-del3); lane 3 and 4, 20% input of in vitro--translated full-length α-actinin 2 and actinin-del3 proteins. Exposure time for the autoradiogram was 3 h at room temperature.](0107092f7){#fig7}

Examination of the α-actinin 2 sequence revealed that the last three amino acids are SDL, which conform to the consensus PDZ binding motif S/T-X-V/I/L ([@bib23]). To test whether this SDL sequence within α-actinin 2 is essential for its interaction with the Cypher PDZ domain, we made α-actinin 2 mutants which contain the four EF hands but not the last three amino acids (4EF-del3, aa 756--891), the first two EF hands (EF1--2, aa 756--821), the last two EF hands (EF3--4, aa 822--894), and the full length α-actinin 2 lacking the last three amino acids (α-actinin 2-del3). Results from GST pull down assays demonstrated that EF3--4, containing the last two EF hands, retained the ability to bind to the PDZ domain, whereas EF1--2, lacking the last two EF hands, 4EF-del3, and α-actinin 2-del3, lacking only the last three amino acids, no longer bound the PDZ domain ([Fig. 7, C and D](#fig7){ref-type="fig"}).

Discussion
==========

Congenital myopathies are a heterogeneous group of disorders with patients exhibiting muscle weakness at birth that is either nonprogressive or slowly progressive, and little or no evidence of myofiber necrosis and regeneration ([@bib11]). On the other hand, congenital muscular dystrophies are a distinct group of disorders with progressive muscle weakness and obvious necrosis and regeneration of muscle fibers from birth ([@bib10]; [@bib2]). Neonatal homozygous null mutants of cypher exhibit symptoms of muscle weakness, including decreased milk intake (dysphagia), minimal limb motility, and respiratory distress. However, no necrosis and regeneration of muscle fibers was observed in day 1 striated muscle. These observations suggest that cypher null mutants have a severe form of congenital myopathy, not congenital muscular dystrophy. *Cypher* ^−/−^ mice also display symptoms of heart failure, exhibiting both right and left ventricular dilation. We hypothesize that mutations within the human *cypher*/*ZASP* gene could result in human congenital myopathies with cardiac involvement.

To perform force-generating contraction, and to accommodate repetitive changes in cell geometry that occur during each contraction, striated muscle has evolved an abundant and highly specialized cytoskeleton ([@bib4]). Contractions of muscle cells enforce constant mechanical stress on the cell as a whole, and in particular on the Z-line due to its unique structural role. Abnormal Z-line structure was seen in sections from actively contracting skeletal and cardiac muscle in *cypher* ^−/−^ mutants. In contrast, sections of noncontracting embryonic diaphragm muscle in *cypher* ^−/−^ mutants exhibited normal Z-line structure. These observations suggest that Cypher is not required for the formation of protein complexes at the Z-line or sarcomerogenesis, but is essential for maintaining the structural integrity of the Z-line during the stress of contraction. In concert with our in vitro studies, these results reinforce the suggestion that Cypher functions as an linker-strut at the Z-line.

Results of our transfection studies with truncated Cypher--GFP fusion proteins demonstrated that the non-PDZ domains of Cypher localize independently to the Z-line. Our previous data showed that these domains do not interact with α-actinin 2, suggesting that they are interacting with additional Z-line components. The demonstration that Cypher interacts with more than one Z-line component substantiates the hypothesis that Cypher is serving as a linker at the Z-line. We are currently trying to identify additional binding partners of Cypher.

The PDZ domain of ZASP, a human orthologue of Cypher, interacts with the last 150 amino acids of α-actinin 2, as demonstrated by yeast two-hybrid interaction assays ([@bib12]). Our data from GST pull down assays confirmed this result and have further identified the COOH-terminal last three amino acids of α-actinin 2 as being required for this interaction. The PDZ domain of another member of the PDZ-LIM family, ALP, has been shown to interact with the spectrin repeats of α-actinin 2 ([@bib26]). However, the data presented did not exclude the possibility that the PDZ domain of ALP may also interact with the COOH terminus of α-actinin 2.

We have also provided evidence that the ability of the Cypher PDZ domain to bind α-actinin 2 is essential for localization of the PDZ domain to the Z-line. When transfected into cardiomyocytes, mutant PDZ domains G14A/F15A and L78K which no longer bound α-actinin 2 in vitro, no longer colocalized with α-actinin at the Z-line, but rather were localized diffusely throughout the cell. We have not yet performed similar studies with the L76K or L80K mutants, to determine whether their lower binding affinity for α-actinin as detected in our binding studies is reflected in their cellular localization. As shown by previous investigators, in vitro binding data cannot always be extrapolated to cellular localization ([@bib18]).

ALP is one of the six members of the NH~2~-terminal PDZ domain and COOH-terminal LIM domain--containing protein family and is expressed predominantly in skeletal muscle and at much lower levels in cardiac and other tissues ([@bib26]; [@bib20]). *ALP* knockout mice have no apparent phenotype in skeletal muscles ([@bib14]). However, some *ALP* knockouts display mild right ventricular dilation and cardiac dysfunction ([@bib19]). It is of interest to note that expression of *ALP* and *cypher* overlaps at the Z-line in skeletal muscle, suggesting that Cypher may be able to compensate for ALP in skeletal muscle. Within the heart, however, *ALP* expression is predominantly in right ventricle during development and restricted to the anterior-ventral segment of the RV/conotruncal region in adult heart ([@bib19]). In contrast, *cypher* is expressed exclusively and uniformly in skeletal and cardiac muscle. In adult cardiomycytes, ALP localizes predominantly to intercalated discs, whereas Cypher is evenly localized to the Z-lines, suggesting distinct functions for Cypher and ALP in heart ([@bib28]; [@bib19]).

Materials and methods
=====================

Gene targeting
--------------

A genomic *cypher* fragment was isolated from a mouse 129svj genomic DNA library (Stratagene). PCR-based mutagenesis was used to convert the 1-kb pair fragment between three base pairs 5′ of translational start codon ATG and intron 1 Hind III site into an XhoI site ([Fig. 1](#fig1){ref-type="fig"} A). The deleted 1-kb fragment contained part of exon 1 and part of intron 1. LacZ and pGKneo-tk cassettes were inserted into the XhoI site. The linearized construct was electroporated into R1 ES cells. G418-resistant ES clones were screened for homologous recombination by Southern blotting with the probe as indicated in [Fig. 1](#fig1){ref-type="fig"} A. Chimeric males were tested for germ-line transmission of the agouti coat phenotype of 129-derived ES cells by crossing with Black Swiss female breeders ([@bib5],[@bib6]). Total protein extracts were prepared ([@bib6]) from single postnatal day 1 heart ventricles, of which 25% were subjected to Western blotting analysis with Cypher polyclonal antibodies ([@bib28]) and tropomyosin monoclonal antibody ([@bib6]).

Whole-mount X-gal staining of cypher transgenic embryos
-------------------------------------------------------

For whole-mount LacZ expression analysis, transgenic embryos were fixed and stained using standard methods ([@bib21]; [@bib7]). Whole embryos or tissues were analyzed and photographed on a ZEISS SV-6 dissecting microscope with a Nikon C-mount 35 mm camera.

TEM
---

Samples were processed for TEM as described ([@bib6]).

Plasmid construction
--------------------

Plasmids containing distinct parts of mouse α-actinin 2, including the actin-binding domain, Spectrin repeats, or EF hands ([@bib28]), were generated by PCR using Pfu DNA polymerase (Stratagene) followed by cloning into pcDNA3FLAG ([@bib28]). Mutant PDZ domains were generated via PCR-based mutagenesis followed by subcloning into pGEX-4T-1 (Amersham Pharmacia Biotech) or pEGFP-C1 (CLONTECH). Each plasmid was sequenced to ensure that no PCR errors had been introduced.

GST fusion protein binding assay
--------------------------------

The assay was performed as described previously ([@bib28]). Briefly, proteins were labeled with \[S^35^\]-methionine via the TNT-coupled reticulocyte lysate system (Promega). Each GST fusion protein (200 pmol) was purified from bacteria, bound to 20 μl of glutathione-agarose beads, and washed with binding buffer. The beads were then resuspended in 400 μl binding buffer. 5--10 μl of in vitro--translated protein was adjusted to 100 μl with binding buffer and added to 400 μl of GST fusion protein beads. The mixture was then incubated with rotation for 4 h at 4°C, and beads were washed six times with 100 μl of binding buffer.

Transfection of rat neonatal cardiomyocytes
-------------------------------------------

Rat neonatal cardiomyocytes were prepared using a percoll gradient as described previously ([@bib22]). Isolated cells were plated on laminin-coated chamber slides at 250,000 cells/chamber in plating medium. After overnight incubation, the medium was switched to 10% horse serum and 5% fetal bovine serum for ∼4 h before calcium-phosphate--mediated transfection ([@bib29]). After 2 d of transfection, the cells were immunostained with antibodies or visualized for GFP.

Immunohistochemistry
--------------------

Transfected cardiomyocytes on chamber slides were rinsed twice with 1× PBS for 5 min, fixed in 4% paraformaldehyde for 10 min and washed with 1× PBS briefly followed by washing with 1× PBS for 5 min twice. Cells were permeabilized and blocked with 1% BSA, 1% FBS, 0.3% Triton X-100 in 1× PBS for 30 min followed by incubation with 1:200 dilution of antisarcomeric α-actinin antibody (Sigma-Aldrich) in 1% BSA, 1% FBS, 0.1% Tween-20 in PBS for 1 h. After washing for 5 min three times with 1× PBS, goat anti--mouse Cy3 antibody (Sigma-Aldrich) with a final dilution of 1:100 was added and incubated in 1% BSA, 1% FBS, 0.1% Tween-20 in PBS for 1 h. Slides were washed six times for 5 min with 1× PBS, then washed one time for 5 min with water, dried, and mounted with Gelvatol plus 2.5% DABCO ([@bib29]). Slides were visualized on a ZEISS Axiovert 135 fluorescence microscope and photographed using a 63× Plan-apochromat objective (ZEISS).
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